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Fig.1  Schematic diagram of the discharge models for the PEO 

process for an Al sample
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Table 1  Particles applied in MAO

[47-71]

 

Substrate Particles size 

Al 

TiO

2 

«10 nm

[47]

; Al

2

O

3 

«300 nm

[48]

; 

Fe several µm 

[49]

; Diamond powder «1.5 µm

[50]

v

Graphite «1 µm

[51]

)«0.7 µm

[52]

; 

CNTs diameter of 9.5 nm and a length of «1.5 µm

 [53]

 

Mg 

SiC «40 nm

[54]

, «50 nm 

[55]

, «30 nm 

[22]

; 

WC «80 nm

[56]

; TiN «20 nm

[57]

; 

Si

3

N

4 

«50 nm

[58]

; Al

2

O

3 

«20 nm

[59]

;  

Graphite <100 nm

[60,61]

; PTFE 180«240 nm

[62]

 

Ti 

ZrO

2

 0.2«10 µm

[63]

; CeO

2 

«50 nm

[64]

; 

SiC 7.5«40 nm

[65]

; Al

2

O

3

 7.5«25 nm

[65]

,  

«22 nm

[66,67]

; TiO

2

 7.5«25 nm

[65]

; MoS

2

 500 nm

[68]

, 

0.5«1.0 µm

[69]

; PTFE 150«500 nm

[70]

;  

hBN 1«2 µm

[71]

 

 

���B< TiO

2

ÒÓÔÕ76E 3.2 g/L ¯�<=>

?�b��òVÄi A.���r.*RS��V

±%TUÄB< TiO

2

ÒÓÔÕ76Tu� 4.0 g/L¯�

<=./9×ØÊZ* TiO

2

ÔÕB$4 TiO

2

56�

4 α-Al

2

O

3

�Y�»á<=56V7&ï�A�RS�

�V±%TUÄ3ð4Tu

[47]

B 

<�����Ïu Al

2

O

3

ÒÓÔÕ¯�Al

2

O

3

ÒÓ

ÔÕ��×Ø� 6082-T6 o&,����<=*EF

Zò=���<=EF56J
���FÈÞ�Ð�B

V�	����<=dt�RS��Þ�Ð���Ø

TUÄð4é�

[48]

B 

ñÔÕ�Ê�ùV !ÇÁ×Ø�LY2o&,��

��<=���<=*56T�B�VWCÒ*±TÊ

D���	<=VÌ&<=*±%TUÄ3ò���+

Ì&<=*Tó6ô� õñöw*NTHQ

[49]

B 

6061 o&,�¹º»V÷º»Ì&�����

������<=(�©4 γ-Al

2

O

3

d�+�á*òø

d\>56(HV)u4 5900 MPaB�V©ù�Ò±TÊ

D�eÛzg�\><=wxB�|²wx*TK�

�RS��T���ØTUÄÍÎúÊ� 6061o&,

KLB�Ê�<=�×Ø,û-ÔÕ�	Ç/CD8

�òød�J
56�é&gh��ô��üRSÊ

D�ÐeÛzg'ê	Ç/��<=V±TÒ*)à

/ØT��é���1/Ø/0B_Ç/`��<=

*RS���A�Y�J
NTHQ

[50]

B 

�Ê�����Ïu34å��o*�ÒÓÔ

Õ�a¶-éVýÒÓþ�¢Ë34rå��o*Ì

&<=XQi Ý�o&,*éRHQB 

<-éÔÕ×Ø�����<=�¯�(�<=

56é��+RS��� !A.B©-éÔÕrå

�����<=*å�B?CY_Ç/����¶(1) 

æ=-é0�î°* σ �QÕ8�+=Ú=î°* π

�Õ�B·
d±��*7&ïVRSÊD�*�N

ï��<=VRS�î°*-éÔÕ9���üÇ�

·	�x�����k�� 2������å��oB

(2) -éÔÕé��<=V±TÒî°*kVï�A

.�RSÊD�*�#ïV�N#ï�¼	�ghV

TK*��

[51, 52]

B 

�ýÒÓþÏu������
�*<=6E>

?�½4�4J
<=� α-Al

2

O

3

*©%��56T

u�TUÄA.B+<=VK�0�b(*�/ÞE

��ß�»áRS���üT�

[53]

B 

4.2  
�
�� 

�p&,����<=�×Ø SiC ÒÓÔÕ�Q

i J
<=*56�A.<=*TUÄB+�Ðæ

*�����V SiC ÒÓÔÕ7612��<=*.

/ßàÞ�Ð	>�� AZ91D ����<=�×Ø

SiCÒÓÔÕ��./òVÄA.�r�ò¤$ 6 µm

é�E 3 µm

[54]

B�� AZ31p&,����<=�×

Ø SiCÒÓÔÕÈ±<=./ßà²³Ð�

[22, 55]

B 

Nasiri �"

[22]

¥E SiC 9®Ú�RSÊD���

<=V±TLMî°Û�
ü�A._¥î°*RS

N#ï���RS��A.½�|{_'æ¯$4 SiC

*ú
56��RSÊD�QM�WT*'�B 

Yu�"

[55]

¥Eæj12�¢Ë*<=�ÍÎæ	

¸<=ÏÐæ1�9�]ñÐæ*NTHQB`E�

	����<=�����	Åcd{���<=�

RSÊD�Õ*Ö���×Ø SiC ÒÓÔÕ�Q��

cd{��ä<=NTHQ*	>HB 

dt4 SiC�� AZ31Bp&,����<=�×

Ø WCÔÕÐQJ
<=56�+ WC3�â��J

¸<=��J
�<=*>?6���RS��A.�

TUÄé�

[56]

B 

 

 

 

 

 

 

 

 

¥ 2  ]^¬��­��T®¯�§°¥ 

Fig.2  Snapshots of the interface between the surfaces of friction 

pairs at the end of MD simulations: (a) 0 ps, (b) 30 ps,  

(c) 90 ps

[52]

 

a 
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ÒÓÔÕ76±×ØÊDVr¾<=*HQ4Õ

��*²³B±4×Ø� TiN ÒÓÔÕ* MA8 p&

,����<=�< TiN76$ 1 g/LT�� 3 g/L¯�

NTHQSîJ
B+< TiN 76Q� 4 g/L ¯�$

4ÔÕêÉ�5�á<=*yH6
�<=VK�*

7&86VBCHQ�A�\>NTHQA.

[57]

B 

� AZ31 p&,������uc Si

3

N

4

ÒÓÔ

Õ�Si

3

N

4

9V MgO "#�á Mg

2

SiO

4

���<=*

56VeHÀ%T��NTHQJ
B+S� Si

3

N

4

76*T��./*òVÄVZ[634ÏR*Ì��

< Si

3

N

4

76Q� 4 g/L�òVÄVZ[6*ÏR\>

<=56�A�TUÄÏR

[58]

B 

Asgari �"

[59]

¥E Al

2

O

3

ÒÓÔÕ9� AZ31 p

&,����<=�*“x�1�”×Ø�aò�Vg

�>B·Å�x�1��9S����� Al

2

O

3

76

*Tu�é&BêE�Ê�* Al

2

O

3

769�MÒÓ

ÔÕ*êÉB`áJñ��V76*���úÊ�V

76�²Tu���� Al

2

O

3

ÒÓÔÕ*76�½Ð

QJ
<=*NTHQB 

�34å�H±*��å���a-éV PTFEu

cp&,����¢Ërå�Ì&<=X����c

*ª«BEV31A�AZ91�AZ80p&,����<=V

52100�Ò±TÊD��±TÒ9Û���TU��á

*ñ��99;��<=./�ßáRS;�=

[60, 61]

B

<<=�×Ø�-é¯�-é9�RSÊD�Ðz�

�B��ñ*òøýVñ��9ßá�6u>?�3��

�N#ï6.*RS;�=B·j*RS;�=A.�

<=*RS���Ý��<=*NTH

[61]

B 

� AZ91 p&,����uc PTFE �����

ò��./ÜH�±ô��â!B$4./ÜH�²

³�./Q�æ¯�PTFE��������6T��

�������ÊD���*�%��� �<=.

/ !¯°¼2½|²2�B�� "§Sî9��

8�#�#>����*
$
��<=*)�2�

½æ¯×Ø�%* PTFE�ßá$%ó&M9B�R

SÊD��$%�*2' PTFE â�9ßá.�N#

ï*<=�A.RS��

[62]

B 

4.3  ����� 

<� TC4 ��������Ïu ZrO

2

ÔÕ¯�

	Fâ ZrO

2

ÔÕ9ÖH×Ø�<=./�ê	Fâ9

V TiO

2

"#�á ZrTiO

4

���<=*56TuB�R

SÊD��ZrO

2

ÒÓÔÕ9(x½�c<=./ò�

��M�r)Ì*'��æ¯Tu�<=V±T�Ò

î°*)à/Ø�é���1)à/Ø/0�A.�

<=*TU%

[63]

B 

*+ CeO

2

ÔÕXQJ
¹q./����<=*

56�ÔÕx�×Ø��òVg�>��<=*Z[6

é��+< CeO

2

76Q� 50 g/L¯�FâÔÕ�74

<=./�Z[6ð4ÏR�RSÊD�*RS��S

îT�

[64]

BV Yu�"

[55]

ª«7odÇ�¥Euc CeO

2

ÒÓÔÕC���	<=���*cd{B 

Shokouhfar�"

[65]

�¹q��������âl

Ïu SiC�Al

2

O

3

�TiO

2 

3 
ÒÓÔÕB3 
ÒÓÔÕ

*×Ø�9é�<=Z[6�A.RS��Bæ¯Ò

ÓÔÕX,-�<=�*8�.ëd*/0��<=

56J
B+dt��1�TiO

2

ÒÓÔÕ*56�4

SiCV Al

2

O

3

����Ì&<=*56Xd±��B+

TiO

2

ÒÓÔÕ×Ø%r��5�<=*>?6r
�

RS��r.��ØTUÄr�B 

Sharifi �"

[66,67]

ºª«� 2 
��OP:¢�¶

234�ketoconazole�V5678�atenolol�± Al

2

O

3

ÒÓÔÕÌ&<=*²³BucOP:¢���Al

2

O

3

ÒÓÔÕ*×Ø%6��<=òVÄ6��>?6J


B56VeHÀ%tU*T�9:�<=zgªH

J
�RSÊDÐeÛñ](x]t�NTHQ6wB 

��å�� MoS

2

*7å� Mo 0�¿À� S 0

�=î°�S0�=î°��*¯;<ï� MoS

2

34

å��o

[68]

�[�c����<=��	Ç/QJ


<=*7&86�ê	Ç/QA.RSN#ïVRS

��BMu�"

[69]

Û]=ó MoS

2

��â��<=*�

ò��� 3�B�	<=�
*RS��9T�RSN

#ï�\><=yHzg��MTÕTUB�Ì&<

=�RSÊD��MoS

2

9Fâ;��±TÒ./M�

å��o��RS��	(�|E 0.12>?�RSN

#ïÕ��TUÄA.B 

PTFE X[�c<=DA.RS��BV�Ò�  

5 N*/0'����	<=*RS��E 0.8�uc

PTFE*Ì&<=*RS��ÈA.Î 0.4=0.5

[70]

B 

@ÇA�÷�hBN�*=ó7å�ô34å��

o�+Ðæ4 MoS

2

V PTFE�hBN*N
$�o6wB

� TC4K�*����<=�×Ø�ÓB hBNÔÕ�

<=*>?6V7&ïJ
�RS��A.B�./

CT 5 µm ��RSÊD�)àÇÁ$<=&M9V

Si

3

N

4

Ò)àÞá�b/V Si

3

N

4

Ò)à�RS���

	PA.

[71]

B 

���
����������

����<=./Z[6d±���RSÊDR

S�����
'+æ¯<=í6�í�ÚK�7&

ï8�56�
�./ð]ñZòó7å�^{�� 
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Fig.3  Surface morphologies of TiO

2

 coating (a) and TiO

2

/MoS

2

 (b) 

composite coating 

[69] 

 

�����ò�D&Úôõ<=7&¢ËÌ&<=B

ÆEI��¥���½¾�ø���ø��ù�jú

ûü�ýþJ��Z
ÇÁ¢ËÌ&<=DÝ�K�

LM*RS�HQB 

5.1  
�
�� 

�,û-<=�DLC�34
56�
eHÀ%�

.RS���NTUD öw*F}RS�^HBNie

�"

[72]

������ýGÁ��Hc@A����

�<=Ï�²×Ø DLC <=B	Ç/�DLC <=�

J
56*æ¯A.�RS��'ê	Ç/����

��°=XÆ DLC<=JÜ�I�*J/Qï�¼2

� DLC<=*��KLB 

Zhou �"

[73]

� 2024 o&,./��"# RF j

úûü×Ø� CrN<=�Ì&<=�!�����Ê

D��*Zò7å�56È`E CrN V Cr

2

N d*�

�t����<=
ñ 3 MB�}��*RS��$

0.74=0.87 �AÎ 0.65=0.72'�m�*RS��$

0.57=0.72�AÎ 0.36=0.58'�N�*RS��È$

0.11=0.24�AÎ 0.08=0.20B 

Zhu�"

[74]

��N
$NO±AlSi&,����

<=��Pò>?BPò�*<=��üRSÊD�

f&��Q�Ö���QÈ�.RÃÇ��üB�ü

TUB?*ÝÞé&�gh��V ®*SÄ�éT

�<=*�üTUBæ¯�Pò�<=*56ÐÞ�

UOå�H�<=*RS��A.�NTHQJ
B 

Li�"

[29]

� 2024o&,./¢Ë����<=�

Â�ôýc´µ*��-V�¢Ërå�Ì&<=B

Ì&<=*RS��A.Î 0.1=0.25�TUÄé�B

\^���Ðæ*J���£�C¢ËñÐæò¤V

òVÄ*����<=�ò¤VòVÄY����-

VYWXc<=�9»áRS���ÃÏRB 

5.2  
�
�� 

PTFE��{_H
�Y�KL2�¦§HQw�

lmH8�Zô�34öw*å�HQBÆEI��

¥¦��Z
@A�p&,����<=./¢Ë

PTFErå�<=B 

Gnedenkov �"

[75, 76]

��RSÇÁ� PTFE �c

MA8p&,����<=�PTFE=í[ 1.5 µmB$

4 PTFE *��ÖH�Ì&<=V±TÒî°*��

'��ÃA.'RSÊD�)à/ØXÐ9Û�Þ��

RS��{_� 0.04�éR�oò�i B 

RSÇÊ\�Û��+ÐD�4�]^ÙÌÀß

óv2*>?BGnedenkov �"

[77]

_�� MA8 p&

,./�¢Ë����<=�Â���ù×Ø PTFEB

PTFE =í6S�ù¯°*¼2�Tí�Ì&<=*

NTHQXSîJ
B 

ýþÊ`�[�4����./¢Ë4BPò=B

�¢Ëw* MA8p&,����<=ýc PTFEÑ�

��PTFE×Ø���>?ÊD�è�½�c����

<=*�ò����./>?bJ*Ì&<=�tTU

Ädt�	����<=A. 3=4¸�%B

[78, 79]

B 

Castellanos �"

[80]

X��ýþÊ� AZ91D ./

¢Ë PTFE <=�Ì&<=./�Q�­�����

*���òB 

Lin�"

[81]

�� HFºý @A()>? ZK60p

&,����<=�>?�<=í6ÐÞ�./�ò

ßà�Ö�+ñ]�agh��á� MgF

2

òødB

>?�<=*NTHV����=dÆ�+i x4

()� Mg&,./¢Ë* MgF

2

<=B 

Rapheal�"

[82]

� 230Dp&,����<=./

�b< AlcV Al

2

O

3

c�Â��dg&,�>?Bd

g>?ÊD������<=Ie´µâ��V�Ñ

* Al  Al

2

O

3

�á�7å3	*Ì&<=BÌ&<=

*RS��.4����<=�4	_*éR�o'

+56�.�NTHd±��B 

Tazegul�"

[83]

��fb<@A� AZ91Dp&,

Ï¢Ë	= Al

2

O

3

gÀ* Al<=��<=Ï����

����Ì&<=BÌ&<=D α-Al

2

O

3

V λ-Al

2

O

3

E

��56V7&ï�
4�	*����<=�RS

��VTUÄ�AB 

a 
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Cui�"

[84]

�AZ91D����<=Ï¢Ë� 92 µm

í*hi<=�Ì&<=�����<=NTHJ
B 

5.3  ����� 

� TC4q&,����<=./��òb³jú

ûü×Ø*5±CrN<=V()� TC4q&,Ï×Ø

* CrN<=dt¶<�ó/0E 10 g¯�_¥jk5

6d<'�<�ó/0J
E 50V 100 g¯�Ì&<

=*jk56i 
4�	<=BV SAE 52100�*

ÒÉRS\^Xäi��
#ï12��� TC4q&

,èK�Ï×Ø CrN5<=l�4�����°=J

ÜI�*J/Qï

[85]

B 

m�"

[86]

� TC4 q&,����<=./��

ø ZrO

2

gÀ* Ni-P <=BNi-P <=9�c����

�*���ò��ßáBCn�*7å�� 4�Boó

V 500 ��p\^äi�S�����¯°¼2�<

=ò¤VZ[6T��BCn�*7åßÁ��u8�

Ì&<=*7&ïJ
Bæ¯�ZrO

2

*gÀJ
�<

=56��V GCr15�Ò*±T\^��Ì&<=�

4./*�q�Û�TU��]ñò�xy*NT  

HQB 

Tao �"

[87]

�¹q./��Ê����¢Ë<

=�Â±ô����XAB	Ç/��á* TiNd�

�<=*56ÏR'ê	Ç/�XA�*<=6ub

J�Z[66.B 

Jin�"

[88]

âl� 600V 800 �±¹q����<

=���>?��>?�<=�*rqsd;ÞE5

66
�{_H6w*,â-dB+$4Â7øVt

d�áÊD�uS*�#ï��>?�*<=./ñ

]gh�Z[6Þ�BZ[6*J
\>RS��*

ÏR�+<=56*J
��ØTUÄé�B 

Martini �"
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���Ñvb<*ÇÊ����

�<=./×Ø� PTFE <=DJ
å�HQB�.

/0�5=10 N�RS12����* PTFETK��

�Tó./M�å�*�o�+$4/0���PTFE
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Fig.4  Cross-sectional microstructures of the MAO coatings treated for different time after electroless Ni-P-ZrO

2

 composite plating:    

(a) 15 min, (b) 30 min, (c) 60 min, and (d) 90 min
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��<=@A� TC4q&,./¢Ë DLCÌ&<=B

����<=V TC4q&,î°�DLC<=V���

�<=î°�-4z,7&B����<=���

DLC5<=V TC4èK�î°*BCÐdeH�J


�<=±/0*Ð/QïBDLC<=*
56Vå�
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2

O

3

�Ò*±TÊD��RS��
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-7 
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3
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-1

B 

E���£*$6¯°�\]å�HQBQin �

"
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�� TC4q&,./¢Ë����<=�Â�ø

|=�r�}< MoS

2
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2
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2
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3
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3
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2
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�
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�VKL*7&ï8BTsunekawa �"
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Research Progress on Tribological Properties of Micro Arc Oxidation Coatings on 

Aluminum, Magnesium and Titanium Based Materials 

 

Zhou Kai, Xie Faqin, Wu Xiangqing, Wang Shaoqing 

(Northwest Polytechnical University, Xi’an 710072, China) 

 

Abstract: As the most representative valve metal, aluminum, magnesium and titanium based materials have many characteristics such as 

high specific strength, good processing performance and excellent biocompatibility. They are widely used in aerospace, automotive, 

electronic communication, medical and other major industries. However, the tribological behavior of aluminum, magnesium and titanium 

based materials is generally poor. This paper reviews the theoretical basis and application research status of micro-arc oxidation 

technology to improve the tribological behavior of aluminum, magnesium and titanium based materials. The effects of electrolyte systems, 

electrical parameters and micro-arc oxidation time on the morphology, composition, microstructure and tribological behavior of micro-arc 

oxidation coatings are summarized. The direct composite technology and secondary composite technology of micro-arc oxidation are 

introduced. Finally, the future application and development are prospected. 

Key words: micro arc oxidation; aluminum; magnesium; titanium; tribological properties 
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